Recently, a benchmark problem has been developed to study seismically excited highway bridges. In the second phase of the aforementioned study, the bridge is 
Introduction
Highway crossings are critical infrastructure as they serve as major access and evacuation routes during and after catastrophic events. It is extremely critical that these bridges remain operational following severe earthquakes. In order to reduce their vulnerability to severe earthquakes, "smart" base isolated bridges, where the performance of the base isolation system is improved by adding active and semiactive devices, have been proposed and studied extensively by various researchers [3-10, 12, 15] . In order to facilitate comparisons between various control strategies, a base isolated highway crossing bridge benchmark problem has been developed [1, 13] by the ASCE task committee on structural control.
The highway bridge benchmark model is based on the newly constructed 91/5 highway bridge in southern California. It is a continuous two-span, cast-in-place prestressed concrete box-girder bridge. The Whittier-Ellsinore fault is 11.6 km (7.2 miles) to the northeast, and the Newport-Inglewood fault zone is 20 km (12.5 miles) to the southwest of the bridge. The bridge has two spans, each of 58. The columns are approximately 6.9 m (22.5 ft) high. Additional details of the bridge are presented in the definition paper [1] . The bridge is isolated using four non-linear lead-rubber bearings on each abutment and one bearing on each bent column at the center. A total of twenty control devices (ten in each direction) are placed; four locations (two devices per location) between the deck and each abutment and two locations on the center columns (one on each side of the deck).
In this paper, a sample lyapunov semiactive control design methodology is presented to design a nonlinear controller for the benchmark structure. The semiactive control devices are installed at the isolation level between the deck and the isolators on bridge piers and center column at ten locations, each location consisting of a single orthogonal pair to control the responses in both directions. The outputs allowed in the benchmark problem definition are used to design the controller and where velocity measurements are required, the accelerations are integrated using a filter that simulates integration. The performance of the controller is analyzed in terms of the performance indices defined in the benchmark problem definition.
The results of the Lyapunov controller are compared with the results of the sample controller presented in the benchmark problem. The controller developed herein is not intended to be competitive; it is a guide for participants to design competitive controllers for the highway isolated bridge benchmark.
Structural Model
A full three-dimensional finite element model was developed in order to compute the structural properties of the system. The details of this model is described in the definition paper [1] . The deck structure elements are assumed to be linear and the element stiffness and mass matrices are derived from the finite-element model and assembled at the nodes using lumped mass and stiffness approximation. The nonlinear elements are added to the linear elastic deck elements and the augmented model is used for evaluating structural responses. The resulting structural system has 430 degrees of freedom representing the full evaluation model. Newmark's integration scheme is used to solve the nonlinear equations of motion.
For the controller design, a linearized reduced order model based on modal reduction techniques [13] is derived from the full-order evaluation model. The resulting reduced order model was found to capture the dynamics of the full-order model accurately in the modes of interest. The control oriented model is given as:
where, the subscript r in Eqs. 1-3 refer to the reduced model. In the above equations, x refer to the states of the system, A, B and E are the system state matrices,ü g is the ground acceleration vector in two directions. The regulated output y z and the measurement output y m equations are given in Eqs. 2 and 3 respectively.
The matrices C, D and F are mapping matrices of appropriate dimensions and ν denotes the measurement noise.
Semiactive Lyapunov Control Algorithm
The Lyapunov semiactive control algorithm [10] is developed based on energy principles for a general ground-excited spring-mass-dashpot system with time-varying damping. For a general single degree of freedom system consisting of mass m, stiffness k, and a time-varying damping c(t), the equations of motion can be written in state space as follows:
where
In the above equations, u a andu a denotes the absolute displacement and absolute velocity respectively, u r is the relative displacement, and u g denotes the ground displacement. A Lyapunov function (V ) is defined using the states defined in eq. 2,
where, P is a constant vector.
Hence, the Lyapunov function V can now be written as,
where the first term represents the total strain energy in the spring, second term represents the dissipated energy, and the third term represents the total kinetic energy.
From equations 5-7, we geṫ
ForV to be negative, the following condition should be satisfied
Eq. 9 can also be written as,
where ω n = k/m, u a (t) is the absolute displacement andu r (t) is the relative velocity of the structure. For the ensuing simulations, the value of ω n = 1.68 rad/s is used corresponding to the post yield stiffness of the isolation system.
Numerical Simulation Study
The highway bridge is modelled as a multi-degree of freedom (MDOF) system.
However, the deck system is rigid and the deck isolated with the LRB isolation system will essentially behave like a SDOF. This SDOF assumption is applied to the isolated rigid deck in both x and y directions, resulting in two SDOF systems, one in the x direction, and another in y direction. Magnetorheological (MR) dampers [2] are used as control devices at the locations shown in figure 1 . The parameters of the MR damper are described in the sample control design of the phase I benchmark definition paper [13] . The results of the numerical study are presented in Tables   1-3 filter that approximates an integrator [6] . The simulations are performed within the control implementation framework set forth in the benchmark definition paper [1] .
The overall implementation procedure is shown in fig. 2 .
The results are presented in terms of a set of performance indices in Tables 1-3 .
These evaluation criteria are divided into 3 categories: peak responses, normed responses and control requirements. The details of these performance indices are given in the definition paper [1] . Table 1 shows the results of the Lyapunov semiactive control. The results of the passive case with the MR damper (MR damper set to its maximum voltage of 10 V) are given in Table 2 and the response quantities with the nonlinear damper are given in Table 3 . The time history results (North Palm Springs earthquake) of the mid span displacement, mid-span acceleration and force displacement loop for the LRB are given in Fig. 3 .
The advantage of semiactive lyapunov control (Table 1) 
Conclusions
In this paper, a sample non-linear lyapunov semiactive control design is developed for the recently introduced base isolated highway bridge with lead rubber bearings and magnetorheological dampers. A lyapunov semiactive controller is developed for an equivalent linear system with time-varying damping. The results of the simulation study is presented in the form of a set of performance indices. It is shown that the lyapunov semiactive controller is effective in reducing the base displacements without a corresponding increase in shears and other response quantities. The control design presented in this study is intended as an aid for the benchmark problem participants; it is expected that results can be improved further by designing more effective controllers. 
